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Mutations in the gene Klotho lead to premature
ageing in mice. Recent work on human genetic
variation has identified an association between a
particular allele of Klotho and human lifespan. A
harbinger of things to come, this work illustrates the
power and growth potential for association studies
of human ageing.
Unraveling the heritability of human longevity was one
of the first problems faced by geneticists. Just over a
century ago, Mary Beeton and Karl Pearson [1]
described a resemblance among relatives for the
duration of life. A short time later, Yule [2] and Fisher
[3] proved that the correlation is to be expected if
lifespan is influenced by what had recently been
termed ‘genes’ [4]. Indeed, a century of correlation
studies have established that something on the order
of 30–50% of the total variation in human life span is
attributable to genetic variation [5]. Despite the wealth
of diversity, specific genes contributing to this varia-
tion have proven notoriously difficult to identify.
Sample size and issues of shared environment limit
family-based methods such as linkage analysis, where
rough genomic positions of important genetic variants
are identified by comparing a small number of excep-
tionally long-lived people in defined pedigrees.
Association Studies of Ageing
Association studies use population data, rather than
pedigrees, to compare the prevalence of a particular
genetic marker or a set of genetic markers in affected
(long-lived) and unaffected (randomly chosen) indi-
viduals. Because recombination rarely occurs
between alleles that are located physically close
together in the genome, these tend to be co-inherited
in a non-random way: they are in linkage disequilib-
rium, and said to be associated. A significantly
greater prevalence of a particular marker in long-lived
individuals is taken as evidence that the marker is
either a causal genetic variant or linked to a nearby
causal variant [6]. Case-controlled association
studies alleviate some of the environmental noise by
matching individuals according to non-genetic attrib-
utes, such as lifestyle. In order to use linkage dise-
quilibrium for genome-wide association mapping,
however, a better appreciation of the distribution of
recombination ‘hot-spots’ is required [7]. Examining
regions in and around candidate genes is currently
the most fruitful approach.
In a recent example of this approach, Arking et al.
[8] used microsatellite markers to examine the associ-
ation between human life span and genetic variation in
the candidate gene Klotho, mutations of which can
lead to premature ageing in mice [9]. Using data from
three separate populations — Bohemian Czechs, Bal-
timore Caucasians and Baltimore African Americans
— Arking et al. [8] found that the frequency of elderly
individuals homozygous for a particular  Klotho allele
is significantly decreased compared to infants, which
suggests that homozygous individuals experience a
survival disadvantage. The allele is defined by six
single nucleotide polymorphisms, which result in two
amino acid substitutions. Biochemical analyses show
that both substitutions affect secretion of Klotho
protein from the cell, and examination of similar muta-
tions in a related protein suggest the mutant Klotho
may also be enzymatically impaired.
The success of the  Klotho study [8] in identifying a
human variant and describing its functional conse-
quences is indicative of the potential that association
studies have for contributing to the biology of ageing.
There are, however, two particular reasons for tread-
ing carefully when taking this relatively new approach:
the danger of reporting false associations, and the
difficulty in distinguishing between variants that
confer general frailty and those that affect normal
ageing. False associations arise from so-called ‘cryptic
population stratification’, and the identification of
genes that impact ageing per se requires better ana-
lytical techniques.
Genetic Control for Detecting and Accounting for
Stratification
Populations that are ethnically mixed or that have
experienced mixture within a few generations may
harbor a particular subpopulation that is longer-lived
than the others (Figure 1A). Such cryptic population
stratification may generate false associations between
genetic markers that have no physical linkage to
causal variants and will artificially inflate measures of
statistical significance used to detect associations
[10]. Any marker allele with different frequencies in the
subpopulations will appear ‘linked’ with long-life,
potentially increasing the number of false-positives.
Most association studies of ageing will be cross-sec-
tional — using genetic data from individuals of differ-
ent ages, all of which are alive at the same time — so
that stratification is particularly troublesome. The pop-
ulations will be derived from birth cohorts separated
by several generations, and any of a number of socio-
demographic factors, including migration and lifestyle
changes, will increase the probability of population
stratification. Even rigorously case-controlled studies
are susceptible.
Arking et al. [8] argue that population stratification
is not a factor in their analysis. Their populations are
apparently homogeneous, and similar allele frequencies
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are observed in ethnically or geographically diverse
populations — a reasonable argument. There are,
however, well-defined techniques for detecting cryptic
stratification and correcting for it. These methods
[10,11], referred to as ‘genetic control’, will be crucial
to preventing a proliferation of false associations
between particular genes and ageing.
The idea of genetic control is simple in principle: if
population stratification is generating or inflating asso-
ciations, then it will do so not only for markers linked
to a potentially causal variant, but also for unlinked
markers scattered throughout the genome (Figure 1A).
In this case, a candidate association must show a
level of association with the phenotype that is signifi-
cantly greater than associations from unlinked or ran-
domly chosen markers. In most cases, detecting and
correcting for stratification require only a modest
amount of additional effort — genotyping markers at a
few dozen unlinked loci [10,11]. It must be kept in
mind, however, that present methods assume admix-
ture is instantaneous and recent. Generally, neither
assumption is strictly true, and with a phenotype as
complex as aging more elaborate methods may need
to be developed.
Including Age-Structure Will Increase the Power of
Association Studies
Straightforward use of case-control methods in asso-
ciation studies of ageing involves comparisons of
marker frequencies between groups of young and old
individuals. Significantly different marker frequencies
are interpreted as evidence for association. Unfortu-
nately, this method has a number of limitations. For
example, how large should the ‘old’ group be? Includ-
ing a wider range of ages increases sample size but
reduces the expected difference in marker frequen-
cies between the groups. The answer to this question
will depend on the frequency of the variant, the fre-
quencies of the marker alleles, and the survival char-
acteristics of the population. More importantly — and
contrary to the conclusions of Arking et al. [8] — a
variant identified by this method as associated with
reduced lifespan cannot be assumed to act by accel-
erating the normal ageing process. There is simply no
way to distinguish between a variant that affects the
rate of increase in mortality via age-related diseases
— the actuarial definition of ageing — from one that
confers frailty throughout life: cystic fibrosis may
shorten lifespan, but that does not mean that it accel-
erates normal ageing.
There is therefore a cogent need to include age-
structure into population genetic studies of ageing.
The simplest way to do this is to generalize the two-
sample comparison to an approach where the precise
age of each individual is the independent variable in a
logistic regression [12]. A statistically significant slope
term in the regression is evidence for a
marker–longevity association (Figure 1B). We recog-
nize that it can sometimes be difficult to obtain data
from a range of different aged individuals. The method
is powerful, however, and it allows for incorporation of
covariates and modeling of age- and sex-specific
effects. More complicated demographic methods
provide precise estimation of mortality rates for differ-
ent genotypes and are able to distinguish variants that
impact the rate of increase in mortality from those that
make individuals less healthy at all ages [13].
Conclusion
The work of Arking et al. [8] is encouraging in that it is
a first step towards making population-level associa-
tion studies an important component of the geneti-
cist’s toolbox for detecting functional variants
affecting ageing. The increasingly rapid characteriza-
tion of human genetic variation within and among
Figure 1. 
(A) Population stratification in case-control studies. Two popu-
lations with long-lived (red) and short-lived (blue) individuals
have evolved separately for sufficient time to show different
marker allele frequencies throughout the genome. Allele ‘B’ is
not associated with lifespan but exhibits higher frequency in
population 2, which also shows a higher frequency of the
affected, long-lived phenotype. If the two populations become
admixed then allele ‘B’ will be found at increased frequency in
long-lived individuals compared to the controls because of the
population stratification. Typing of several unlinked markers
can be used to control for such spurious associations. (B) The
explicit incorporation of age-structure into association studies
can significantly increase the power to detect associations.
Points represent marker frequencies for simulated individuals
of different age. Size and color of the points are indicative of
the number of individuals sampled. The case-control study
compares marker frequencies in old and young individuals
(shaded region) and fails to detect a significant association
(marker frequency 0.20 versus 0.17 in young and old respec-
tively, P=0.12). When genetic information is combined with
detailed age information the association is easily detected
(P=3.6x10–5). Data were simulated based on survival statistics
from Italian life table data of 1994. The mutant allele was asso-
ciated with a relative risk of 1.3. Data for both analyses include
roughly 1600 individuals.
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populations, and the recent discoveries of candidate
genes in a variety of model systems suggest that the
Klotho story is an early chapter in a much larger
volume describing the population genetics of human
ageing. For the technique to realize its full potential,
however, researchers would do well to explicitly quan-
tify the potential for false associations and to exploit
the power of demographic analysis.
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